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Complexin activates and clamps neurotransmitter
release; impairing complexin function decreases
synchronous, but increases spontaneous and asyn-
chronous synaptic vesicle exocytosis. Here, we
show that complexin—different from the Ca2+ sensor
synaptotagmin-1—activates synchronous exocy-
tosis by promoting synaptic vesicle priming, but
clamps spontaneous and asynchronous exocy-
tosis—similar to synaptotagmin-1—by blocking
a secondary Ca2+ sensor. Activation and clamping
functions of complexin depend on distinct, autono-
mously acting sequences, namely its N-terminal
region and accessory a helix, respectively. Mutations
designed to test whether the accessory a helix of
complexin clamps exocytosis by inserting into
SNARE-complexes support this hypothesis, sug-
gesting that the accessory a helix blocks completion
of trans-SNARE-complex assembly until Ca2+
binding to synaptotagmin relieves this block. More-
over, a juxtamembranous mutation in the SNARE-
protein synaptobrevin-2, which presumably impairs
force transfer from nascent trans-SNARE complexes
onto fusing membranes, also unclamps sponta-
neous fusion by disinhibiting a secondary Ca2+
sensor. Thus, complexin performs mechanistically
distinct activation and clamping functions that oper-
ate in conjunction with synaptotagmin-1 by control-
ling trans-SNARE-complex assembly.
INTRODUCTION
At a synapse, Ca2+ induces neurotransmitter release by binding
to synaptotagmin, which triggers SNARE-dependent fusion of
synaptic vesicles with the plasma membrane (reviewed in Su¨d-
hof, 2004; Martens and McMahon, 2008; Rizo and Rosenmund,
2008). Synaptotagmin functionally cooperates with complexins,
small SNARE-complex binding proteins (McMahon et al., 1995;
Reim et al., 2001). In most synapses, impairments in synaptotag-min or complexin function cause similar phenotypes. Both
decrease fast synchronous Ca2+-triggered release and increase
asynchronous release, although for complexins, the relative
effect magnitudes vary between organisms, synapses, and
preparations. For example, in Drosophila neuromuscular junc-
tions, the clamping function of complexins on spontaneous
release predominates (Huntwork and Littleton, 2007; Xue et al.,
2009), in murine autapses from knockout (KO) mice, their activa-
tion function prevails (Reim et al., 2001), and in cellular fusion
assays using ‘‘flipped SNAREs,’’ only a clamping activity was
detected (Giraudo et al., 2006, 2008, 2009). Moreover, complex-
ins behave both as a clamp and as an activator in liposome
fusion assays (Schaub et al., 2006; Yoon et al., 2008) and in brain
stem synapse examined in KO mice, although in the latter case
only delayed asynchronous but not spontaneous release were
clamped (Strenzke et al., 2009). In knockdown (KD) experiments,
finally, complexins equally function as a clamp and an activator,
with larger effect sizes than those observed in KO autapses
(Maximov et al., 2009). Overall, despite many differences, these
results suggest that complexins function simultaneously as
a clamp and an activator of synaptic exocytosis, although it is
unclear how they work (Su¨dhof and Rothman, 2009).
Complexins are composed of N-terminal and C-terminal
unstructured regions that flank central ‘‘accessory’’ and
‘‘main’’ a helices (Chen et al., 2002). The N-terminal complexin
region activates fusion (Xue et al., 2007, 2010; Maximov et al.,
2009), whereas the accessory a helix clamps fusion (Giraudo
et al., 2008; Maximov et al., 2009; Xue et al., 2009), and the
central a helix attaches complexin to the SNARE complex and
is required for all complexin functions (Maximov et al., 2009).
The C-terminal complexin region may inhibit or activate fusion,
and binds to phospholipids and SNARE complexes (Malsam
et al., 2009; Seiler et al., 2009; Xue et al., 2010). Mutations in
the SNARE protein synaptobrevin-2/VAMP2 (Syb2) that block
complexin binding but not SNARE-complex assembly produce
a similar phenotype as the complexin KD (Maximov et al.,
2009), suggesting that complexin functions by binding to
nascent trans-SNARE complexes. Moreover, alanine substitu-
tions of two vicinal tryptophans in Syb2 (the so-called WA-muta-
tion) phenocopies the complexin KD effect (Maximov et al.,
2009). Because the WA-mutation is located in the short a-helical
sequence that connects the Syb2 SNARE motif (and thus the
nascent trans-SNARE complex) to the vesicle membraneNeuron 68, 907–920, December 9, 2010 ª2010 Elsevier Inc. 907
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Mechanism of Complexin Fusion Clampoutside of the synaptobrevin/complexin interaction site (Stein
et al., 2009), this result suggests that complexin acts by control-
ling the force transfer from assembling trans-SNARE complexes
to the fusing membranes (Maximov et al., 2009).
An exciting hypothesis posits that the accessory a helix of
complexin inhibits fusion by inserting into partially assembled
trans-SNARE complexes, thereby blocking their full assembly
(Giraudo et al., 2009; Lu et al., 2010). This hypothesis, combined
with the finding that Ca2+ binding induces synaptotagmin-1
(Syt1) to displace the complexin a helices from SNARE
complexes (Giraudo et al., 2006; Tang et al., 2006), led to the
synaptotagmin-switch model of complexin function, which
postulates that Ca2+ binding to synaptotagmins reverses the
complexin-mediated clamp of SNARE-complex assembly by
displacing complexin from the clamped SNARE complexes
(Tang et al., 2006). The fact that competition of complexin and
synaptotagmin for SNARE-complex binding is not absolute,
i.e., complexin and Syt1 can both be simultaneously associated
with SNARE complexes, andmay even bind to each other, at first
sight appears to argue against the synaptotagmin-switch model
(McMahon et al., 1995; Tokumaru et al., 2008; Chicka and
Chapman, 2009). However, other complexin sequences besides
the main a helix may interact with SNARE complexes and/or
phospholipids (Malsam et al., 2009; Seiler et al., 2009; Xue
et al., 2010), and only the a helix of complexin competes with
synaptotagmin for binding (Tang et al., 2006). Thus, these find-
ings do not necessarily contradict the synaptotagmin-switch
model.
A second, more important argument against the synaptotag-
min-switch model came from recent observations on Syt1 KO
synapses. Syt1 KO synapses exhibit an 10-fold increase in
spontaneous release; strikingly, both in wild-type and in Syt1
KO synapses spontaneous release was >90% Ca2+-dependent,
but displayed distinct Ca2+-triggering properties (Xu et al.,
2009). Spontaneous release in the Syt1 KO synapses exhibited
a higher apparent Ca2+-affinity, but a lower Ca2+-cooperativity,
than spontaneous release in wild-type synapses, suggesting
that synaptotagmin does not clamp ‘‘spontaneous’’ SNARE-
complex assembly, but prevents the action of a secondary Ca2+
sensor on SNARE complexes (Xu et al., 2009). Because the syn-
aptotagmin-switch model postulates that spontaneous fusion
increases in complexin-deficient synapses because complexin
normally blocks spontaneous SNARE-complex assembly,
a Ca2+-dependent mechanism of spontaneous fusion appeared
to be inconsistent with the synaptotagmin-switch model. Thus,
a major question is whether the increase in spontaneous fusion
in complexin-deficient synapses, or in synapses containing WA
mutant Syb2, is caused by unregulated SNARE-complex
assembly, or by unblocking a secondaryCa2+ sensor. If increased
spontaneous fusion in complexin-deficient synapses is due to the
unblocking of a secondary Ca2+ sensor, can clamping really be
mediated by insertion of the accessory complexin a helix into
the SNARE complex?Moreover, how does the clamping function
of complexin relate to its activation function and to that of synap-
totagmin?Finally,docomplexinandSyt1clampasecondaryCa2+
sensor that acts in both spontaneous and asynchronous release,
or are these forms of release subject to distinct types of
regulation?908 Neuron 68, 907–920, December 9, 2010 ª2010 Elsevier Inc.In addressing these questions, we here show that the
increased spontaneous release in complexin-deficient and
Syb2WAmutant synapses is >80%Ca2+-dependent, with prop-
erties suggesting activation of a secondary Ca2+ sensor. At the
same time, we demonstrate that the accessory a helix of com-
plexin likely acts by inserting into nascent trans-SNARE
complexes, and functions autonomously in clamping fusion.
Furthermore, we show that complexin-deficient synapses
display a change in the Ca2+-dependence of evoked release,
and exhibit an increase in asynchronous delayed release; this
type of asynchronous release is also normally clamped by the
accessory a helix. Finally, we describe that complexin activates
fusion by boosting vesicle priming into the readily-releasable
pool (RRP) by a mechanism independent of clamping. Our
data show that complexins and synaptotagmins act sequentially
in spontaneous and evoked fusion, with the blocking of an
unidentified secondary Ca2+ sensor as the common endpoint
in their clamping functions. Thus, our results support a modified
synaptotagmin-switch model whereby synaptotagmins reverse
the complexin/SNARE-clamp by displacing complexin from
SNARE-complexes that were primed in part by complexin.
RESULTS
Complexin Clamps an Auxiliary Ca2+ Sensor
To test whether increased spontaneous fusion observed after
KD of complexins is truly spontaneous, or represents a shift
from one mode of Ca2+-triggered spontaneous fusion to another
(Xu et al., 2009), we examined the Ca2+-dependence ofminiature
excitatory postsynaptic currents (mEPSCs) in complexin KD
neurons (Figure 1).
The complexin KD increased the mEPSC frequency 3-fold
(Figure 1A). In both control and complexin KD neurons, removal
of extracellular Ca2+ reduced the mEPSC frequency 2-fold,
whereas a 30 min preincubation with 10 mM BAPTA-AM in
Ca2+-free medium lowered the mEPSC frequency >10-fold
(Figures 1A and 1B). Thus, the increased mEPSCs observed in
complexin KD neurons are Ca2+-dependent, analogous to those
observed in Syt1 KO neurons (Xu et al., 2009).
To characterize the Ca2+-dependence of spontaneous fusion
in complexin KD neurons, we measured the mEPSC frequency
in control and complexin KD neurons as a function of extracel-
lular Ca2+, using complexin KD neurons expressing wild-type
complexin-1 as a rescue control (Figure 1C). Quantitation of
mEPSC frequencies showed that the complexin KD shifted the
Ca2+-dependence of themEPSC frequency to the left (Figure 1D;
see Figure S1 available online). The mEPSC frequency in the
complexin KD neurons was not completely suppressed at low
Ca2+-concentrations, probably because only BAPTA-AM
completely reduces intracellular Ca2+ (Figure 1B). Nevertheless,
the overall Ca2+-dependence of mEPSCs can be analyzed by
fitting the Ca2+-titration data to a Hill function, demonstrating
that after complexin KD, the apparent Ca2+-cooperativity of
spontaneous release decreases, whereas its apparent Ca2+-
affinity increases (Figures 1E and 1F). Thus, the complexin KD,
similar to the Syt1 KO (Xu et al., 2009), unclamps a secondary
Ca2+ sensor with properties similar to those of the Ca2+ sensor
for asynchronous release (Sun et al., 2007).
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Figure 1. Complexin Clamps a Ca2+-Dependent
Fusion Mechanism
(A and B) Sample traces (A) and summary plots of the
frequency (B) of spontaneous miniature excitatory postsyn-
aptic currents (mEPSCs) monitored in control and complexin
KD neurons. mEPSCs were recorded in 2 mM Ca2+ or in
Ca2+-free medium without or with a 30 min preincubation
with 10 mM BAPTA-AM.
(C and D) Sample traces of mEPSCs (C) and summary plots of
the normalized mEPSC frequency (D) recorded at the indi-
cated concentrations of extracellular Ca2+ in control neurons
and complexin KD neurons expressing EGFP (Cpx KD) or
wild-type complexin-1 (Cpx KD + CpxWT).
(E and F) Apparent Ca2+ affinity (E; measured as the EC50 for
extracellular Ca2+) and Ca2+ cooperativity (F) of mEPSCs,
calculated by individual Hill-function fits to data from multiple
independent Ca2+ titration experiments.
Data shown are means ± standard error of mean (SEM);
numbers of cells/independent cultures analyzed are depicted
in the bars. Statistical significance was analyzed by Student’s
t test (B, E, and F; in B, Ca2+-free versus control conditions are
separately compared for control and complexin KD neurons; in
E and F, complexin KD without and with CpxWT rescue were
compared to the control; *p < 0.05; **p < 0.01; ***p < 0.001),
or by two-way analysis of variance (ANOVA), comparing
complexin KD without (p < 0.001) and with the CpxWT rescue
(p > 0.05) to control neurons. For mEPSC amplitudes and
absolute mEPSC frequencies, see Figure S1.
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Mechanism of Complexin Fusion ClampMutants in the Accessory a Helix of Complexin
The accessory a helix of complexin was proposed to clamp
exocytosis by inserting into partially assembled SNARE
complexes in place of Syb2 (Giraudo et al., 2009). Databank
searches revealed that complexin, along with synaptotagmin,
is detectable in the most primitive animals, such as trichoplax,
a primitive animal that has no known nervous system, and that
the various complexin sequences are highly conserved in these
animals (Figure 2A). Thus, the complexin/synaptotagmin system
emerged evolutionarily very early with the first appearance of
animals.
To test whether the evolutionarily conserved accessory com-
plexin a helix clamps fusion by inserting into a partially assem-Neuron 68,bled SNARE complex, we generated four point
mutants of complexin-1: (1) a ‘‘superclamp’’ mutant
(D27L/E34F/R37A) described by Giraudo et al.
(2009) that increases insertion of the complexin
accessory a helix into the SNARE complex; (2)
a corresponding ‘‘poorclamp’’ mutant in which we
mutated three residues essential for insertion of
the accessory a helix into the SNARE complex
(K26E/L41K/E47K); and (3) two substitution
mutants of the tandem glycine residues in the short
linker sequence between the N-terminal activation
region of complexin and its accessory a helix
(G21A/G22A and G21W/G22W, referred to as AA
and WW mutants) (Figure 2A).
The structure of complexin bound to SNARE-
complexes showed that the accessory a helix
does not contact the SNARE complex, and thusdoes not participate in SNARE-complex binding (Chen et al.,
2002). However, this structure was obtained with fragments of
SNARE proteins and complexin, raising the possibility that with
full-length SNARE proteins containing transmembrane regions,
the accessory a helixmay contribute to SNARE-complex binding
by complexin. To test this possibility under as natural conditions
as possible, we examined the ability of full-length wild-type and
mutant complexin, purified as GST-fusion proteins, to bind to
native brain SNARE complexes in competition with endogenous
complexin. We immunoprecipitated brain SNARE complexes
with antibodies to Syb2 in the presence of increasing concentra-
tions of recombinant complexins, and quantified the relative
amount of bound recombinant complexins (Figure 2B).907–920, December 9, 2010 ª2010 Elsevier Inc. 909
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Figure 2. Evolutionary Conservation and Mutagenesis of Complexin
(A) Alignment of the N-terminal 90 residues of rodent complexin-1 and -2 with complexin sequences from Drosophila (DmCpx),Caenorhabditis elegans (CeCpx),
squid (SqCpx), Nomastella (CnCpx), and Trichoplax (TrCpx). Residues present in the majority of sequences are highlighted in a domain-specific color code as
indicated. Residues of the accessory a helix that were mutated are shown below the complexin-1 sequence (WW mutant = G21W/G22W; AA mutant =
G21A/G22A; poorclamp mutant = K26E/L41K/E47K; superclamp mutant = D27L/E34F/R37A).
(B and C) Relative binding affinities of mutant complexins to native brain SNARE complexes (B, representative immunoblots; C, summary graphs). SNARE
complexes were immunoprecipitated with polyclonal synaptobrevin-2 antibodies from Triton X-100 solubilized brain homogenates in the presence of increasing
concentrations of recombinant wild-type and mutant complexins (added as GST-fusion proteins). Immunoprecipitates were blotted with antibodies to
complexin-1 (Cpx), syntaxin-1 (Synt-1), SNAP-25, and synaptobrevin-2 (Syb2), and quantified by immunoblotting using 125I-labeled secondary antibodies;
amounts of bound recombinant complexin are normalized for the saturating 25 mg complexin concentration. Data shown are mean ± SEM (*p < 0.05,
**p < 0.01; n = 5 independent experiments).
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Mechanism of Complexin Fusion ClampConsistent with the notion that the accessory a helix inserts into
SNARE complexes (Giraudo et al., 2009), we found that super-
clamp mutant complexin bound more strongly to SNARE
complexes than wild-type complexin, whereas poorclamp-com-
plexin bound more weakly (Figure 2C). WW mutant complexin
exhibited no change in SNARE-complex binding, whereas the
AA mutant also bound more weakly.
Effects of Accessory a Helix Mutations on Release
We next infected neurons with control lentivirus or with com-
plexin KD lentivirus without or with coexpression of superclamp
or poorclamp mutant complexin; in addition, all viruses coex-
pressed EGFP to assess infection efficiency. mEPSC recordings
revealed that superclamp mutant complexin rescued the
increased mEPSC frequency—actually suppressed it below
control levels—and additionally rescued the decreased evoked
release after complexin KD (Figures 3A and 3B). Poorclamp910 Neuron 68, 907–920, December 9, 2010 ª2010 Elsevier Inc.mutant complexin, by contrast, augmented the mEPSC
frequency even higher than the increase observed in complexin
KD neurons, but surprisingly still fully rescued evoked release
(Figures 3A and 3B). Thus, complexin likely clamps fusion by in-
serting into nascent trans-SNARE complexes, and the clamping
and activation functions of complexin are independent of each
other.
We then examined the AA and WW mutations using the same
experimental paradigm (Figures 3D and 3E). The AA mutation
caused a small, and the WW mutation a massive increase in
mEPSC frequency (Figure 3D). Neither mutation impaired
rescue of evoked release in complexin KD neurons (Figures
3E). Ca2+-titrations of mEPSCs in complexin KD neurons
rescued with the complexin mutants revealed that the WW
and poorclamp mutations produced a shift in the Ca2+-depen-
dence of mEPSCs to higher apparent Ca2+-affinities and lower
Ca2+-cooperativities, whereas the superclamp-mutation had
50
 p
A
1 s
m
E
P
S
C
 fr
eq
ue
nc
y 
(H
z)
0
2
4
1
3
5
0.
2 
nA
0.4 s
E
P
S
C
 A
m
pl
itu
de
 (n
A
)
0.0
0.2
0.4
0.6
0.8
2
4
S
yn
ap
tic
 c
ha
rg
e 
tra
ns
fe
r (
nC
)
0
0.
4 
nA
10 s
3
1
Cpx KD + Cpx AA
Control
Cpx KD + GFP
Co
ntr
ol
no
ne
Cpx KD + rescue
Cp
x A
A
Cp
x W
W
Cpx KD + Cpx WW
Cpx KD + Cpx AA
Control
Cpx KD + GFP
Cpx KD + Cpx WW
Cpx KD + Cpx AA
Control
Cpx KD + GFP
Cpx KD + Cpx WW
Co
ntr
ol
no
ne
Cp
x A
A
Cp
x W
W
Co
ntr
ol
no
ne
Cp
x A
A
Cp
x W
W
E
F
14
/3
16
/3
14
/3
14
/3
14
/3
14
/3
15
/3
15
/3
15
/3
15
/3
14
/3
14
/3
***
***
***
**
Sucrose
Sucrose
Sucrose
Sucrose
Cpx KD + rescue
Cpx KD + rescue
1 s
0
2
4
1
3
2
4
0
3
5
1
0.0
1.0
0.5
Cpx KD + Cpx Poorclamp
Control
Cpx KD + GFP
Co
ntr
ol
no
ne
Cpx KD + rescue
Su
pe
rcl
am
p
Po
orc
lam
p
Cpx KD+ Cpx Superclamp
C
A
B
D
E
P
S
C
 A
m
pl
itu
de
 (n
A
)
Control
Cpx KD + GFP
m
E
P
S
C
 fr
eq
ue
nc
y 
(H
z)
Sucrose
Co
ntr
ol
no
ne
Su
pe
rcl
am
p
Po
orc
lam
p
Co
ntr
ol
no
ne
Su
pe
rcl
am
p
Po
orc
lam
p
0.
5 
nA
0.4 s
Control
Cpx KD + GFP
Cpx KD +
Cpx Poorclamp
Cpx KD + rescue
Cpx KD + rescue
50
 p
A
***
***
15
/3
15
/3
15
/3
15
/3
14
/3
15
/3
15
/3
15
/3
***
0.
4 
nA
10 s
Sucrose
Sucrose
Cpx KD +
Cpx Superclamp
Sucrose
16
/3
14
/3
14
/3
15
/3
***
S
yn
ap
tic
 c
ha
rg
e 
tra
ns
fe
r (
nC
)
Cpx KD +
Cpx Poorclamp
Cpx KD +
Cpx Superclamp
Figure 3. Complexin Accessory a Helix Mutations Alter Spontaneous But Not Evoked Release
Cultured cortical neurons were infected with a control lentivirus (control) or a lentivirus expressing complexin shRNAs (Cpx KD) without or with coexpression of
rescue proteins; in addition, all viruses coexpressed EGFP to allow immediate estimates of infection efficiencies.
(A and D) Sample traces of mEPSCs (left) and summary graphs of themEPSC frequency (right) recorded in control neurons, complexin KD neurons without or with
complexin superclamp (Cpxsuperclamp), poorclamp (Cpxpoorclamp), WW (CpxWW), or AA mutants (CpxAA; see Figure 2).
(B and E) Sample traces of action-potential evoked EPSCs (left) and summary graphs of EPSC amplitudes (right).
(C and F) Sample traces of sucrose-evoked EPSCs (left), and summary graphs of the charge transfer induced by hypertonic sucrose (right). Releasewas triggered
by a 30 s application of 0.5 M sucrose; the synaptic charge transfer was integrated over 30 s. All data shown are means ± SEM; number of cells/independent
cultures analyzed are depicted in the bars. Statistical significance was analyzed by Student’s t test, comparing complexin KD to control neurons (**p < 0.01;
***p < 0.001). For additional data, see Figure S2.
Neuron
Mechanism of Complexin Fusion Clampno significant effect (Figure S2). Thus, two independent muta-
tions (the poorclamp and WW mutations) suggest that com-
plexin clamps an auxiliary Ca2+ sensor for release by an auton-
omous mechanism that is independent from the activation
function of complexin.
Complexin Is Essential for Vesicle Priming
In the same experiments in which we studied the effects of
various complexin mutations on its clamping and activation
functions, we examined the RRP, which is defined as the vesicle
pool whose exocytosis is triggered by hypertonic sucrose (Rose-nmund and Stevens, 1996). We found that the complexin KD
strongly suppressed the RRP, suggesting that complexin acti-
vates SNARE complexes by superpriming vesicles (Figures 3C
and 3F), an unexpected result because in parallel experiments,
we observed no effect of the Syt1 KO on the RRP (Geppert
et al., 1994; Fernandez-Chacon et al., 2001; Pang et al.,
2006b; Sun et al., 2007; Xu et al., 2009). The decrease in the
RRP induced by the complexin KD was fully rescued by all four
mutant complexins, demonstrating that it is part of the com-
plexin activation function (Figure 3). Thus, complexin partici-
pates in vesicle priming upstream of synaptotagmin.Neuron 68, 907–920, December 9, 2010 ª2010 Elsevier Inc. 911
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Figure 4. Synaptotagmin-1 Recycling Assay Reveals Uniform Activation of Spontaneous Synaptic Fusion by Complexin KD
(A) Representative images of cultured rat cortical neurons infected with control lentivirus or with lentivirus expressing the complexin shRNA plus either EGFP only
(Cpx KD), or together with wild-type complexin (CpxWT), or WWmutant complexin (CpxWW). Neurons at 15 days in vitro (DIV15) were incubated for 30min with an
antibody to the N terminus of Syt1, fixed, and labeled by double immunofluorescence for vGlut1 (to mark all excitatory synapses) and the Syt1 antibody (to mark
synapses that took up the antibody). Scale bar in right lower corner applies to all images.
(B–D) Summary graphs of the normalized signal intensities for all vGlut1 (B) and internalized Syt1 antibody (Syt1int; C), and the ratio of these two signals
(Syt1int/vGlut1; D). Data shown are means ± SEM; number of cells/independent cultures analyzed are depicted in the bars. Statistical significance was assessed
by Student’s t test, comparing all other conditions to controls (***p < 0.001).
(E) Cumulative distribution of Syt1 antibody uptake during spontaneous release. Statistical significance was analyzed by Kolmogorov-Smirnov test, comparing
control neurons with complexin KD neurons without rescue (p < 0.001), with complexin WT rescue (p > 0.05), or with WW mutant rescue (p < 0.001).
Neuron
Mechanism of Complexin Fusion ClampComplexin KD Uniformly Increases mEPSCs
in All Synapses
Does the complexin KD uniformly increase spontaneous release
in all synapses, or selectively hyperactivates a small subset of
synapses? We examined this question using the Syt1 recycling
assay (Matteoli et al., 1992), which monitors the presynaptic
uptake of an antibody to the intravesicular N-terminal sequence
of Syt1 that becomes transiently exposed during exocytosis
(Perin et al., 1991). Because the antibody used in the Syt1
recycling assay is specific for rat, we first confirmed that the
complexin KD was fully effective in rat neurons (Figure S3), as
expected because the targeted complexin sequences are
100% conserved between rat and mouse.
We then incubated control and complexin KD neurons without
and with rescue for 30 min with the Syt1 antibody, and stained
the neurons with antibodies to the internalized antibody and to
the vesicular glutamate transporter vGlut1 (to selectively visu-912 Neuron 68, 907–920, December 9, 2010 ª2010 Elsevier Inc.alize excitatory nerve terminals; Figure 4A). Quantitation of the
immunofluorescence signal revealed that the complexin KD
did not alter the vGlut1 signal, but increased Syt1 recycling >2-
fold (Figures 4B–4D). This increase was rescued by wild-type
but not WW mutant complexin. Plots of the cumulative proba-
bility of Syt1 antibody uptake, normalized for the vGlut1 signal,
confirmed a uniform increase in spontaneous activity in all excit-
atory synapses (Figure 4E), suggesting that the complexin KD
equally acts on all excitatory synapses.
Complexin KD Enhances Delayed Release
Is the increase in spontaneous release in complexin KD neurons
a reflection of a general increase in asynchronous release, or
specific for spontaneous release? Because network activity
makes it difficult to measure asynchronous release in excitatory
synapses using AMPA-receptor mediated EPSCs, we analyzed
NMDA-receptor mediated EPSCs, which were recorded from
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Figure 5. Effects of Complexin KD and Syt1 KD on Delayed Release
(A) Sample traces of NMDA-receptor dependent EPSCs evoked by isolated action potentials in control neurons, complexin KD neurons without and with rescue
with the poorclamp and WW mutants of complexin, and Syt1 KD neurons.
(B and C) Mean amplitude (B) and charge transfer (C) of evoked NMDA-receptor EPSCs recorded in multiple experiments as illustrated in (A).
(D)Sample tracesofNMDAreceptor-mediatedEPSCsevokedbyaction-potential trains (10Hz for1s).Verticaldashed line=cutoff time forcalculationofdelayed release.
(E–H) Mean synaptic charge transfer during and after the train (E) or only during the train (F), mean synaptic charge transfer during delayed release starting
500 ms after the last action potential (G), and mean ratio of delayed release to the total charge transfer (H).
All data are mean ± SEM; number of cells/independent cultures analyzed are depicted in the bars. Statistical significance was analyzed by Student’s t test,
comparing all other conditions to controls (*p < 0.05; **p < 0.01; ***p < 0.001). For additional data, see Figure S4.
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Mechanism of Complexin Fusion Clamppostsynaptically depolarized neurons in the presence of CNQX.
To ensure that such recordings yield the same overall results as
recordings of AMPA-receptor mediated EPSCs, we first exam-
ined theeffectsof thecomplexinKDonNMDA-receptormediated
EPSCs. The results confirmed that the complexin KD decreased
evoked NMDA-receptor mediated EPSCs 3-fold, and that this
phenotype was rescued by the poorclamp and WW mutants of
complexin (Figures 5A–5C). Measurements of the kinetics of
NMDA-receptor mediated EPSCs revealed no difference
between control and complexin KD synapses, excluding a major
postsynaptic effect of the complexin KD (Figure S4).Moreover, to
compare the complexin KD effects with those of the Syt1 loss-of-
function, we knocked down Syt1, which produced an even larger
decrease of evoked release as measured by NMDA-receptor
dependent EPSCs (Figures 5A–5C).With these tools in hand, we examined the effects of the com-
plexin and Syt1 KDs on release induced by 10 Hz stimulus trains
applied for 1 s. In these experiments, the first response in the
train is due to synchronous release, whereas the subsequent
responses are composed of both synchronous and asynchro-
nous release, and the continuing response after the stimulus
train ended is mediated by delayed asynchronous release
(Maximov and Su¨dhof, 2005). Both synchronous and asynchro-
nous release are derived from the same RRP. The responses
during the train thus depend differentially on the activities of
the synchronous and asynchronous Ca2+ sensors, but neverthe-
less are uniformly dependent on the size of the RRP.
The complexin KD significantly decreased release during the
entire train, consistent with its effect on synchronous Ca2+-trig-
gering and on the RRP (Figures 5D–5F). As expected, thisNeuron 68, 907–920, December 9, 2010 ª2010 Elsevier Inc. 913
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Figure 6. Ca2+ Dependence of Evoked
Release in Complexin KD Neurons
(A) Sample traces of NMDA-receptor mediated
EPSCs induced by action potential trains (10 Hz
for 1 s) at the indicated concentrations of extracel-
lular Ca2+. EPSCs were recorded in control
neurons and complexin KD neurons expressing
GFP only, or GFP together with wild-type (CpxWT)
or WW mutant complexin (CpxWW).
(B) Ca2+ dependence of the first response in the
stimulus train. The left plot depicts the absolute
amplitude of EPSCs as a function of Ca2+, while
the right bar diagrams display the mean apparent
Ca2+ affinity (presented as EC50 for extracellular
Ca2+) and Ca2+ cooperativity of EPSCs, as calcu-
lated by Hill-function fits to individual experiments.
(C) Ca2+ dependence of the ratio of delayed to total
release in the stimulus train, presented as in (B).
Note that whereas WWmutant complexin rescues
the impairment in the synchronous first response
(B), it fails to rescue the relative increase of delayed
asynchronous release (C).
All data shown are mean ± SEM; number of cells/
independent cultures analyzed are depicted in
the bars. Statistical significance for bar graphs
was assessed by Student’s t test, comparing all
other conditions to the complexin KD with wild-
type complexin rescue (*p < 0.05; **p < 0.01).
Statistical significance for titration curves was esti-
mated by two-way ANOVA, which uncovered
a statistically significant difference only for the
comparison of the complexin KD to all other condi-
tions in (B), or of the complexin KD without rescue
or with WW mutant rescue to the other two condi-
tions in (C). For additional information, see Fig-
ure S5.
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Mechanism of Complexin Fusion Clampphenotype was rescued by poorclamp- and WW mutant com-
plexin, which rescue evoked release and vesicle priming in com-
plexinKDneurons (Figure 3). The complexinKD, however, did not
decrease delayed release (despite the fact that delayed release
alsodependson theRRP), and the ratio of delayed to total release
was increased by the complexin KD, a phenotype that was not
rescued by the clamping mutants (Figures 5G and 5H). Because
both delayed and total release depend on the RRP size, but differ
in that synchronousCa2+-triggering contributes to total but not to
delayed release, the increased ratio of delayed to total release in
complexinKDneurons indicates that thecomplexinKD increases
(i.e., unclamps) asynchronous Ca2+-triggered release. The Syt1
KD exhibited the same phenotype as the previously character-
ized Syt1 KO (Maximov and Su¨dhof, 2005), with a notable lack
of a decrease in total release during the stimulus train, and a large
increase in the ratio of delayed to total release, both of which
correlatewith a lack of a decrease in theRRP in Syt1KOneurons.914 Neuron 68, 907–920, December 9, 2010 ª2010 Elsevier Inc.Ca2+ Dependence of Release
in Complexin KD Neurons
We next measured the Ca2+ dependence
of synaptic responses induced by 10 Hz
stimulus trains (Figure 6A). Analysis of
the 1st response in the train revealed
that the complexin KD not only dramati-cally decreased its size, but also significantly increased its
apparent Ca2+ affinity, and strongly decreased its apparent
Ca2+ cooperativity (Figure 6B). All of these phenotypes were
rescued by both wild-type and WWmutant complexin, in agree-
ment with the rescue of evoked release by these constructs (Fig-
ure 3E). These data support the notion that the complexin KD
impairs synchronous Ca2+ triggering of release and unclamps
asynchronous release. As a result, asynchronous Ca2+ triggering
of release kicks in with an increased apparent Ca2+ affinity and
a decreased apparent Ca2+ cooperativity already for the first
response.
In evaluating the Ca2+ dependence of subsequent responses
in the 10 Hz train, we had to factor in the decrease in the RRP
produced by the complexin KD. Furthermore, we had to consider
the fact that Ca2+ not only triggers release during the train, but
also mediates short-term plasticity, and regulates vesicle
priming (Abbott and Regehr, 2004; Neher and Sakaba, 2008;
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Figure 7. Complexin KD Aggravates Syt1 KO Phenotype
(A) Sample traces of mEPSCs recorded at the indicated extracellular Ca2+
concentrations in Syt1 KO neurons infected with a control lentivirus (Control),
or lentivirus expressing complexin KD shRNA (Cpx KD).
(B) Ca2+ dependence of mEPSC frequencies in Syt1 KO neurons without or
with complexin KD. The left plot depicts absolute mEPSC frequencies as
a function of the Ca2+ concentration (red line = scaled Syt1 KO; for normalized
plots, see Figure S6). The right bar diagrams display the mean apparent Ca2+
Neuron
Mechanism of Complexin Fusion ClampPan and Zucker, 2009). Finally, residual Ca2+ accumulates
during the train with a complex dynamics that depends on
Ca2+ buffering in the terminals (Neher, 1998), and also influences
release. To control for these overlapping effects in assessing the
relative Ca2+ dependence of delayed release, we normalized
delayed release for total release (measured as synaptic charge
transfers) for each Ca2+ concentration (Figure 6C).
We found that in confirmation of the experiments described in
Figure 5, the complexin KD increased the ratio of delayed to total
release at all Ca2+ concentrations; this phenotype was rescued
by wild-type but not WW mutant complexin (Figure 6C). The
complexin KD shifted the Ca2+ dependence of this ratio to an
increased apparent Ca2+ affinity and a decreased apparent
Ca2+ cooperativity; again, this phenotype was fully rescued by
wild-type but not by WW mutant complexin (Figure 6C). Viewed
together, these results further support the notion that the
complexin KD and the ‘‘unclamping’’ WW mutant complexin
(which exhibits the same apparent affinity for SNARE complexes
as wild-type complexin; see Figure 2C) unclamp asynchronous
release.Complexin KD Aggravates Syt1 KO Phenotype
Although complexin likely acts upstream of Syt1 (Figure 3;
Maximov et al., 2009), the similarities between the effects of
the complexin KD and Syt1 KO on spontaneous and delayed
release raise the question whether their effects on release are
additive or occlude each other. To test this question, we cultured
neurons from Syt1 KO mice (Geppert et al., 1994), and infected
them with control or complexin KD lentiviruses. mEPSC record-
ings revealed that the complexin KD further increased the
already greatly enhanced mEPSC frequency in Syt1 KO neurons
(Figure 7A). Ca2+ titrations of the mEPSC frequency were
hindered by the high mini frequency, which may lead to satura-
tion of mEPSC detection at higher Ca2+ concentrations, and
renders interpretation of Hill-function fits difficult. Nevertheless,
these Ca2+ titrations did reveal that the complexin KD shifted
the Ca2+ dependence of the mEPSC frequency to the left,
suggesting that the double deletion of complexins and Syt1
further relaxes the control over minis, and allows freer access
of the auxiliary Ca2+ sensor to release (Figures 7A and 7B;affinity (shown as EC50 for extracellular Ca
2+) and Ca2+ cooperativity, as calcu-
lated by Hill function fits to individual experiments.
(C) Sample traces of NMDA-receptor dependent EPSCs evoked by isolated
action potentials (top), and summary graph of the charge transfer (bottom).
Note that in the summary graphs of this panel and of panels C andD, ‘‘Control’’
refers to the Syt1 KO, and ‘‘Cpx KD’’ refers to the combination of the Syt1 KO
and the Cpx KD.
(D) Sample traces of sucrose-evoked EPSCs (top) and summary graph of the
induced charge transfer (bottom). Release was triggered by a 30 s application
of 0.5 M sucrose; the synaptic charge transfer was integrated over 30 s.
(E) Sample traces of NMDA receptor-mediated EPSCs induced by a 10 Hz
action potential train applied for 1 s (left), and summary graphs of the total
synaptic charge transfer and of the ratio of delayed release to total charge
transfer (right).
All data shown are mean ± SEM; number of cells/independent cultures
analyzed are depicted in the bars. Statistical significance for bar graphs was
analyzed by Student’s t test (*p < 0.05; ***p < 0.001), and for the Ca2+ titration
plot by two-way ANOVA (p < 0.001).
Neuron 68, 907–920, December 9, 2010 ª2010 Elsevier Inc. 915
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Mechanism of Complexin Fusion ClampFigure S6). Moreover, the complexin KD further decreased the
remaining release, and lowered the size of the RRP (which is
unchanged by the Syt1 KO itself) (Figure 7D). Finally, the com-
plexin KD decreased the amount of release during a stimulus
train without additionally altering the ratio of delayed to total
release (Figure 7E). Thus, the phenotypes of the complexin KD
and Syt1 KO are additive.
Synaptobrevin WW-Sequence Clamps and Activates
Release Similar to Complexin
The SNARE protein Syb2 is composed of a SNARE motif that
is connected to a C-terminal transmembrane region via a short
linker (Su¨dhof and Rothman, 2009) that is a-helical
trans-SNARE complexes (Stein et al., 2009). The short linker
contains two conserved vicinal tryptophans that project onto
the surface of the vesicle membrane. Substitutions of these
tryptophans for alanines (the WA mutation) phenocopies the
complexin KD by increasing spontaneous release 3-fold,
and decreasing evoked synchronous release 2-fold (Maximov
et al., 2009). Based on these findings, we postulated that com-
plexin and Syt1—which bind to assembled SNARE
complexes—control the force transfer from the complexes
onto the membrane via a mechanism that involves the two tryp-
tophan residues (Maximov et al., 2009). The finding that com-
plexin- and synaptotagmin-deficiencies increase spontaneous
and asynchronous release by disinhibiting a secondary Ca2+
sensor can be reconciled with this model by the hypothesis
that complexin and synaptotagmin (in addition to their separate
activation functions) control the force transfer by blocking
a second Ca2+ sensor from triggering fusion. However, this
hypothesis predicts that the WA mutation of Syb2 should act
analogously, i.e., should also increase spontaneous release by
unclamping a second Ca2+ sensor. An alternative interpretation
would be that the WA mutation impairs the effectiveness of the
SNARE complex in catalyzing exocytotic membrane fusion, and
that the increased spontaneous release observed with the
mutation is due to increased ‘‘leakiness.’’
To test these hypotheses, we infected cultured cortical
neurons from Syb2 KOmice with control lentivirus or lentiviruses
expressing wild-type or WAmutant Syb2. Recordings of sponta-
neous inhibitory synaptic events (mIPSCs) confirmed that the
WA-mutation caused a large increase in spontaneous release
(Figures 8A and 8B). Preincubation of the neurons with 10 mM
BAPTA-AM completely reversed the increase, demonstrating
that similar to the increased mEPSCs in Syt1- and complexin-
deficient neurons, the increased mIPSCs in WA mutant neurons
is Ca2+ dependent (Figures 8A and 8B).
We next titrated the Ca2+ dependence of mIPSCs in synapses
containing WA mutant synaptobrevin. Similar to the complexin
KD, the WA-mutation increased the apparent Ca2+ affinity, and
decreased the apparent Ca2+ cooperativity of spontaneous
release (Figures 8C–8E). Moreover, the WA mutation decreased
the RRP size (Figures 8F and 8G). Thus, theWAmutation of Syb2
in the SNARE complex impairs both aspects of complexin func-
tion—activation of Ca2+-triggered release, and clamping of
a secondary Ca2+ sensor—despite the fact that complexin is
present at wild-type levels, and the mutation is not in the com-
plexin-binding site.916 Neuron 68, 907–920, December 9, 2010 ª2010 Elsevier Inc.DISCUSSION
Complexins are small SNARE-complex binding proteins that are
essential for fast synchronous neurotransmitter release triggered
by Ca2+ binding to synaptotagmin (Reim et al., 2001; Tang et al.,
2006; Huntwork and Littleton, 2007; Xue et al., 2007; Maximov
et al., 2009). In release, complexins activate SNARE complexes
for Ca2+-triggered synchronous release, and clamp SNARE
complexes for asynchronous and spontaneous release. Here,
we show that complexins activate synchronous release, at least
in part, by promoting vesicle priming, and that they clamp asyn-
chronous and spontaneous release by blocking a secondary
Ca2+ sensor. We demonstrate that the activation and clamping
functions of complexins are encoded by separate, autono-
mously acting sequences, and provide evidence that the acces-
sory a helix of complexins—previously shown to mediate their
clamping function (Giraudo et al., 2009; Maximov et al., 2009;
Xue et al., 2009)—likely blocks asynchronous and spontaneous
release by inserting into nascent SNARE complexes, thereby
preventing completion of SNARE-complex assembly. Based
on these data, we propose that complexins function together
with synaptotagmins as molecular switches in activating and
clamping release, with functionally overlapping, but mechanisti-
cally distinct modes of action.
Mechanism of Complexin Activation and Clamping
We find that complexin-deficient synapses exhibit a decrease in
the size of the RRP, describe mutants in the accessory a helix of
complexin that rescue the activation but not the clamping
phenotype in complexin KD synapses, and document that these
mutants also rescue the decrease in RRP and in synchronous
release (Figure 3; Figure S2). Thus, complexin functions as
a ‘‘priming factor,’’ and activates fusion by superpriming secre-
tory vesicles as a prerequisite for synaptotagmin action, as
observed for chromaffin cells where complexins prime large-
dense core vesicles for exocytosis (Cai et al., 2008). Moreover,
we show that the complexin KD causes an activation of delayed
asynchronous release, and that this phenotype is also not
rescued by the clamp-deficient complexin mutants.
Elegant biochemical studies suggested that the accessory
a helix of complexins clamps SNARE complexes by intercalating
into partially assembled complexes (Giraudo et al., 2009; Lu
et al., 2010). This hypothesis is consistent with the finding that
Ca2+-bound synaptotagmin competes for SNARE-complex
binding with the central a helix of complexin, and disinhibits
the complexin clamp by displacing the accessory a helix (Tang
et al., 2006). We now identify complexin mutations in the acces-
sory a helix (Cpxpoorclamp and CpxWW), designed to decrease its
insertion into the SNARE complex, that abolish the clamping
function of complexin without impairing its activation/priming
function, and disinhibit both spontaneous ‘‘mini’’ release
(Figures 2–4), and evoked delayed release (Figures 5 and 6).
Thus, in line with previous observations that the activation func-
tion of complexin can be abolished without changing its clamp-
ing function (Maximov et al., 2009), the activation and clamping
functions of complexin are independent activities that are en-
coded by distinct adjacent sequences, although both functions
require SNARE-complex binding.
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Figure 8. WA-Mutation of Syb2 Increases mIPSC
Frequency by Unclamping a Secondary Ca2+ Sensor
(A and B) Sample traces of mIPSCs (A) and summary graphs of
mIPSC frequencies (B) recorded in Syb2 KO neurons infected
with a control lentivirus, or lentivirus expressing either wild-
type (Syb2 WT) or WA mutant Syb2 (Syb2 WA). mIPSCs
were recorded in medium lacking extracellular Ca2+ without
or with a 30 min preincubation with 10 mM BAPTA-AM.
(C and D) Ca2+ dependence of mIPSCs in Syb2 KO neurons in-
fected with control lentivirus (Control), or lentiviruses express-
ing wild-type (Syb2 WT) or WA mutant Syb2 (Syb2 WA).
mIPSCs were recorded at the indicated concentrations of
extracellular Ca2+ (C, sample traces; D, mean mIPSC
frequency as a function of the extracellular Ca2+ concentra-
tion; red line in D represents Syt2 WT rescue condition scaled
to the WA mutant rescue condition). For normalized plots, see
Figure S7.
(E) Bar diagrams of the mean apparent Ca2+ affinity (left;
shown as EC50 for Ca
2+) and Ca2+ cooperativity (right), as
calculated by Hill function fits to individual experiments.
(F and G) Sample traces of sucrose-evoked IPSCs (F) and
summary graph of the charge transfer induced by hypertonic
sucrose (G) recorded in Syb2 KO neurons infected with
a control lentivirus (Control), or lentivirus expressing wild-
type Syb2 (Syb2 WT) or WA mutant Syb2 (Syb2 WA). Release
was triggered by a 30 s application of 0.5 M sucrose, and the
synaptic charge transfer was integrated over 30 s.
All data aremean±SEM; number of cells/independent cultures
analyzed are depicted in the bars. Statistical significance for
bar graphs was analyzed by Student’s t test, comparing the
Ca2+-free to Ca2+-containing conditions (B), or the WA-rescue
andpureKOcondition to thewild-type synaptobrevin-2 rescue
condition (for E andG; *p <0.05; **p<0.01; ***p <0.001). Statis-
tical significance in (D) was analyzed by two-way ANOVA test
(p < 0.001 in all comparisons).
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Mechanism of Complexin Fusion ClampThe SNARE-complex insertion mechanism of clamping
suggests that the complexin KD enhances spontaneous fusion
by increasing the rate of nonregulated full SNARE-complex
assembly. However, this hypothesis conflicts with the observa-
tion that the Syt1 KO increases asynchronous fusion by disinhi-
bition of a secondary Ca2+ sensor (Maximov and Su¨dhof, 2005;
Xu et al., 2009). This secondary Ca2+ sensor is activated at lower
Ca2+ concentrations than synaptotagmin and exhibits a lowerNeuron 68,Ca2+ cooperativity, prompting the question
whether the increased spontaneous fusion in com-
plexin-deficient synapses is indeed due to an
increased rate of nonregulated SNARE-complex
assembly, or whether it may be due to the same
mechanism as the synaptotagmin deficiency. A
similar question applies to the WA mutant in
Syb2, which changes the linker sequence of Syb2
connecting nascent SNARE complexes to the
membrane, and which also increases spontaneous
fusion (Maximov et al., 2009).
Using Ca2+ chelation and Ca2+ titration experi-
ments, we demonstrate that synapses lacking
complexin or containing WA mutant Syb2 exhibit
a similar disinhibition of a secondary Ca2+ sensor
as Syt1 KO synapses (Figures 1, 3, and 6; Fig-
ure S2). Imaging experiments showed that theincreased spontaneous release is not restricted to a few hyper-
activated synapses, but uniformly affects all synapses (Figure 4).
Thus, deletions of both synaptotagmin and complexin, and
mutation of the linker sequence connecting the SNARE complex
to fusing membranes, all disinhibit a secondary Ca2+ sensor that
resembles the Ca2+ sensor for asynchronous release as defined
biophysically in the calyx synapse (Sun et al., 2007). Importantly,
delayed release is also disinhibited in complexin- and907–920, December 9, 2010 ª2010 Elsevier Inc. 917
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Mechanism of Complexin Fusion Clampsynaptotagmin-deficient synapses (Figures 5 and 6), supporting
the notion that the same Ca2+ sensor mediates increased spon-
taneous and delayed release in these synapses. The fact that the
Syb2 WA-mutation phenocopies the complexin- and synapto-
tagmin-deficiency states (Figure 8 and Maximov et al., 2009)
strongly suggests that this secondary Ca2+ sensor, similar to
synaptotagmin, enables force transfer of assembling SNARE
complexes onto the membrane during fusion.
How Does Complexin Work?
Previously, we proposed a synaptotagmin-switch model that
was based on the competition of complexin- and synaptotagmin
binding to SNARE complexes (Tang et al., 2006), and on the
complexin-dependent block of fusion in the flipped-SNARE
assay, which is released byCa2+-bound synaptotagmin (Giraudo
et al., 2006). The synaptotagmin-switch model posits that com-
plexin clamps and activates SNARE complexes for fusion, and
that Ca2+ induces two parallel actions of synaptotagmin: Ca2+-
dependent binding to clamped/activated SNARE complexes to
dislodge the complexin clamp, and Ca2+-dependent binding to
phospholipids to promote fusion.
The present data argue against parts of the original synapto-
tagmin-switch model, but confirm others. The fact that the acti-
vation and clamping functions of complexin are encoded by
separate complexin sequences (Figure 3) indicates that com-
plexin activation and clamping are not manifestations of the
same activity, as we had postulated (Tang et al., 2006). As
confirmed in studies of the effect of the complexin KD in Syt1
KO neurons (Figure 7), our data thus suggest that the activation
function of complexin operates upstream of its clamping func-
tion at the step of vesicle priming, and is not directly coupled
to synaptotagmin. At the same time, our data support the notion
that complexin clamps fusion by inserting into the SNARE
complex, and that synaptotagmin reverses the clamp by dis-
placing it, in parallel to its active promotion of fusion by binding
to phospholipids.
We propose that the most parsimonious hypothesis is a modi-
fied synaptotagmin-switch model, whereby Munc18/SNARE-
complex assembly catalyzes fusion by forcing membranes
together, butwhich postulates that an active role of aCa2+ sensor
is required for fusion-pore opening. For synchronous release, this
Ca2+ sensor is synaptotagmin; for asynchronous release, it is an
as yet unidentified Ca2+-binding protein with a lower Ca2+ coop-
erativity than synaptotagmin (Sun et al., 2007). In a normal
synapse, complexin activatesSNAREcomplexes for subsequent
synaptotagmin action by superpriming vesicles, and simulta-
neously clamps the secondary Ca2+ sensor by blocking full
assembly of SNARE complexes. Ca2+ binding to synaptotagmin
triggers fusion by remodeling phospholipid membranes (Arac
et al., 2006; Martens et al., 2007; Stein et al., 2007; Hui et al.,
2009), and by displacing the complexin clamp in SNARE
complexes (Giraudo et al., 2006; Tang et al., 2006). The
secondary Ca2+ sensor cannot normally trigger fusion because
it is unable to displace complexin, explaining howcomplexin nor-
mally inhibits asynchronous release. In the absence of either
complexin or synaptotagmin, however, the secondary Ca2+
sensor is free to trigger fusion, resulting in an increase in sponta-
neous and delayed release, of which the former is due to the fact918 Neuron 68, 907–920, December 9, 2010 ª2010 Elsevier Inc.that the lower Ca2+ cooperativity of the secondary Ca2+ sensor
renders it active at lower Ca2+ concentrations than synaptotag-
min (Sun et al., 2007). Thismodel is supported by the observation
that the WA-mutation of synaptobrevin phenocopies the synap-
totagmin- and complexin-deficiency states by disinhibiting the
secondary Ca2+ sensor, which indicates that the complexin-
clamp can be bypassed by a downstream mutation at the point
where the SNARE-complex inserts into themembrane (Figure 8).
Although this model accounts for most observations, it does
not explain how synaptotagmin clamps the asynchronous Ca2+
sensor. It is possible that synaptotagmin interacts with the
Munc18/SNARE-complex/complexin supramolecular assembly
in a Ca2+-independent manner, before Ca2+ binding to synapto-
tagmin displaces the complexin accessory a helix from the
SNARE complex. This hypothesis is consistent with the Ca2+-
independent interactions of synaptotagmin with SNARE proteins
(Bennett et al., 1992; Li et al., 1995; Pang et al., 2006a), but does
not agree with the additive effects of the complexin KD and Syt1
KO (Figure 7). Alternatively, it is possible that without synapto-
tagmin, vesicles in the Munc18/SNARE-complex/complexin
supramolecular assembly state are at a ‘‘dead end,’’ and that
filling the slots for this dead end results in an overflow of the
remaining vesicles into the secondary Ca2+ sensor pathway.
Identification of the asynchronous Ca2+ sensor will be critical
for testing these hypotheses.
Differences between Complexin KD and KO
Experiments
Complexin KD and KO experiments both showed that complex-
ins carry out activating and clamping functions (e.g., see Reim
et al., 2001; Huntwork and Littleton, 2007; Xue et al., 2007,
2009; Maximov et al., 2009; Strenzke et al., 2009). However,
the KO phenotypes were often less severe than the KD pheno-
types. This difference is probably not due to off-target effects
of the complexin KD because the KD and KO phenotypes are
similar overall, and more importantly, are rescued by similar
constructs. The generally milder complexin KO phenotype may
be due to compensatory effects of a germline mutation, a possi-
bility that is consistent with the notion that complexin could have
a broader function in exocytosis than Syt1 (Figure 3, and Cai
et al., 2008).
A more striking difference between the complexin KD and KO
experiments, at least in mammalian synapses, is that the com-
plexin KO does not increase spontaneous release (Xue et al.,
2007; Strenzke et al., 2009), whereas the complexin KD does
(Maximov et al., 2009). However, increasing evidence suggests
that spontaneous release is more complex than previously
thought (e.g., see Sara et al., 2005). One explanation for the
difference in spontaneous release between complexin KD and
KO synapses thus is that spontaneous release is normally medi-
ated by synaptotagmin, which together with complexin clamps
the asynchronous Ca2+ sensors, but is stochastically activated
in wild-type synapses by Ca2+ sparks. Especially mammalian
synapses may have developed additional controls of sponta-
neous release that are unrelated to evoked release, as evidenced
in the recent observation that deletion of Doc2, a Ca2+-binding
protein that is not evolutionarily conserved, decreases sponta-
neous release without affecting evoked release (Groffen et al.,
Neuron
Mechanism of Complexin Fusion Clamp2010). A plausible hypothesis thus is that the complexin defi-
ciency always unclamps asynchronous release, but that in
some synapses, additional inhibitors specifically suppress spon-
taneous release, preventing an increase in spontaneous release
in these synapses when complexin is inactivated. In support of
this hypothesis, spontaneous release is decreased in com-
plexin-deficient synapses in the end-bulb of Held, but delayed
asynchronous release is nevertheless increased (Strenzke
et al., 2009).
Independent of whether these explanations will turn out to be
correct, it is amazing that a tiny protein like complexin can both
activate and clamp SNARE-dependent fusion, and can do so by
independent sequence modules of only 30 residues. In view of
its small size, the selective role of complexin as a clamp of the
second Ca2+ sensor is particularly remarkable, and is consistent
with a precise co-evolution of all complexin and synaptotagmin
functions as suggested by their sequence conservations
(Figure 2A).
EXPERIMENTAL PROCEDURES
Neuronal Cultures
Cortical neurons were cultured from newborn wild-type or synaptobrevin-2 KO
mice, or rats as described (Maximov et al., 2009).
Generation and Validation of KD Lentiviruses and Rescue Contructs
The complexin KD and wild-type complexin (CpxWT) rescue constructs were
described previously (Maximov et al., 2009). CpxSuperclamp (D27L E34F
R37A), CpxPoorclamp (K26E L41K E47K), CpxWW (G21W G22W), and CpxAA
(G21A G22A) mutations were generated accordingly. Oligonucleotides encod-
ing the mouse Syt1 shRNA sequence (GAGCAAATCCAGAAAGTGCAA) were
cloned into the XhoI/XbaI cloning site downstream of the human H1 promoter
in the L309-mCherry lentiviral vector (modified from vector L309 in that the
IRES-GFP sequence downstream of the ubiquitin promoter in L309 was
altered to mCherry; Maximov et al., [2009]). Lentiviruses were prepared in
transfected 293T cells, harvested for immediate use after 2 days, and used
to infect neurons at DIV6, with analysis of neurons at DIV14–16.
Protein Purification and Immunoprecipitations
Wild-type complexin-1 (CpxWT) and point mutants (CpxSuperclamp,
CpxPoorclamp, CpxWW, and CpxAA; see Figure 2A) were expressed as GST-
fusion proteins in pGEX-KG and purified as described (Okamoto and Su¨dhof,
1997). SNARE complexes were immunoprecipitated from rat brain proteins
solubilized in 1% Triton X-100 with polyclonal Syb2 antibodies (P939; 10 ml
serum) bound to protein A-Sepharose (10 ml; Invitrogen) for 2 hr rocking at
4C (Tang et al., 2006), with addition of the indicated amounts of wild-type
or mutant GST-complexin fusion proteins. Immunoprecipitates were exam-
ined by quantitative immunoblotting using 125I-labeled secondary antibodies
and PhosphorImager detection (Pang et al., 2006a).
Syt1 Antibody Uptake Experiments
Rat cortical neurons infected with various lentiviruses were incubated with
Syt1 lumenal antibodies (CL604.4, 1:25; Matteoli et al., 1992) at 37C for
30 min in standard medium, washed, fixed, and stained for the internalized
Syt1 antibodies as well as vGlut1. Images of randomly chosen neurons were
acquired with a confocal microscope (LSM510, Zeiss or TCS2, Leica) at
constant settings, and analyzed using ImageJ Software (NIH). To quantify
synaptic puncta sizes, we thresholded all images equally, and measured the
average pixel intensities by manually tracing each punctum, with a >2-fold
background signal.
Electrophysiology
Whole-cell patch-clamp recordings were made with neurons at 14–16 days
in vitro. The pipette solution contained (in mM): 135 CsCl, 5 NaCl, 1 MgCl210 HEPES-NaOH pH 7.4, 10 EGTA, 4 Mg-ATP, 0.4 Na-GTP, and 5 QX-314
(lidocaine N-ethyl bromide). The bath solution contained (in mM): 140 NaCl,
5 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES-NaOH pH 7.4, and 10 glucose. AMPA-
receptor mediated EPSCs (recorded at a holding potential of 70 mV) were
isolated pharmacologically with 50 mM D-APV and 100 mM picrotoxin in the
bath solution, NMDA-receptor mediated EPSCs (recorded at a holding poten-
tial of +40mV) with 20 mMCNQX, 100 mMpicrotoxin, and 15 mMglycine and by
raising the MgCl2-concentration to 4 mM, and IPSCs with 50 mM D-APV and
20 mMCNQX. mEPSCs andmIPSCswere recorded in 1 mM tetrodotoxin, iden-
tified using the pClamp template program, and individually proofread (event
threshold = 5 pA). Synaptic responses were triggered by a 1 ms current pulse
(900 mA) through a local extracellular electrode (FHC, Bowdoinham, ME), and
recorded in whole-cell voltage-clamp mode using a Multiclamp 700A amplifier
(Molecular Devices, Union City, CA). Data were digitized at 10 kHz with a 2 kHz
low-pass filter, and analyzed using Clampfit 9.02 (Molecular Devices) or Igor
5.01 (Wavemetrics, Lake Oswego, OR).SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures and can be found with this
article online at doi:10.1016/j.neuron.2010.11.001.
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